G proteins were identified in rat parotid plasma membrane-enriched fractions and in two populations of isolated secretory granule membrane fractions. Both [32P]ADP-ribosylation analysis with bacterial toxins and immunoblot analysis with crude and affinity-purified antisera specific for a subunits of G proteins were utilized. Pertussis toxin catalysed the ADPribosylation of a 41 kDa substrate in the plasma membrane fraction and both secretory granule membrane fractions. Cholera toxin catalysed the ADP-ribosylation of two substrates with molecular masses of 44 kDa and 48 kDa in the plasma membrane fraction but not in the secretory granule fractions. However, these substrates were detected in the secretory granule fractions when recombinant ADP-ribosylating factor was present in the assay medium. Immunoblot analysis of rat parotid membrane fractions using both affinity-purified and crude antisera revealed strong immunoreactivity of these membranes with anti-G.,-G,.1/.2 and -G1.3 sera. In contrast G85 was the major substrate found in both of the secretory granule fractions. Granule membrane fractions also reacted moderately with anti-G, antiserum, and weakly with anti-Gial/a2 and -Go sera. The results demonstrate that the parotid gland membranes express a number of G proteins. The presence of G proteins in secretory granule membranes suggests that they may play a direct role in regulating exocytosis in exocrine glands.
INTRODUCTION
Agonists stimulate secretion via two major signal transduction pathways in exocrine parotid glands; one involves stimulation of adenylate cyclase and cyclic AMP formation, and the other involves phosphoinositide turnover and the generation of Ins-(1,4,5)P3, Ca2+ and diacylgylcerol (Bdolah & Schramm, 1965; Watson et al., 1979; Aub & Putney, 1984) . G proteins couple hormonal stimuli to these second messenger systems in a variety of tissues, including the salivary glands (Gilman, 1984; Taylor et al., 1986) . These proteins are heterotrimers comprised of a, ,l and y subunits. A family of these G proteins has been recognized (Gilman, 1984) which includes transducin, Gi, Gr and G., and at least nine genes have been identified that encode distinct a subunits (Lochrie & Simon, 1988) . The a subunits include G, Gi2, G,3 Go and Gs, and are the sites for ADP-ribosylation by pertussis toxin and cholera toxins (Milligan, 1988) . Substrates for ADP-ribosylation have been reported to be present in membrane fractions from many tissues, and more recently antisera to the a subunit proteins have been prepared and utilized to identify and localize G proteins in a host of tissue types (Milligan, 1988) . Substrates have been located in the plasma membrane, cytosol and secretory granule membranes. Identification of G proteins in secretory granules, however, has not been widely examined. G.a and Gi. have been identified in granule membranes from chromaffin and human neutrophil cells (Toutant et al., 1987; Rotrosen et al., 1988) . Volpp et al. (1989) also identified a 39 kDa pertussis-toxin substrate in the human neutrophil specific granule-enriched fraction; cholera toxin substrates, however, were only found in the plasma membrane. Little information is available regarding the identification and localization of G proteins in exocrine glands. In rat pancreas, immunocytochemistry revealed that Go is present in islet cells but not in acinar or ductal cells (Terashima et al., 1987) . Schnefel et al. (1990) utilized both ADP-ribosylation and immunoblot analysis to show that a number of G proteins are expressed in purified rat pancreatic acinar plasma membranes.
Relatively little data are also available concerning G protein occurrence and function in salivary glands. It has been shown that a pertussin toxin-insensitive G protein, G, (Laniyonu et al., 1988) , is coupled to phosphoinositide turnover in rat parotid and submandibular glands (Taylor et al., 1986; Fleming et al., 1989) , but the identity of this protein remains unknown. In rat submandibular gland, Fleming et al. (1989) demonstrated that a pertussis toxin-sensitive G protein is involved in the muscarinic inhibition of cyclic AMP metabolism; however, this G protein was not characterized. More recently, Ambudkar et al. (1990) provided direct evidence, by ADP-ribosylation studies, that G, is present in the rat parotid gland but is not involved in Ca2l mobilization. G. has also been identified in both rat pancreatic and submandibular acinar cell membranes by cholera toxincatalysed [32P]ADP-ribosylation (Schnefel et al., 1990; Ahmad et al., 1990 ) and shown to be involved in the regulation of cyclic AMP (Spearman et al., 1983) . To date, however, there have been no published reports in which heterotrimeric G proteins have been identified in exocrine gland secretory granules, although small GTP-binding proteins have been identified in rat pancreatic acinar cell secretory granule membranes (Padfield & Jamieson, 1991) .
In the present study, we have identified G proteins in rat plasma-membrane enriched fractions and in two populations of secretory granule membranes i.e. light and heavy, by two methods: pertussis and cholera toxin-catalysed [32P]ADP-ribosylation, and immunoblot analysis using crude and affinitypurified G protein antisera generated against specific a peptide subunits. Results indicate that rat parotid plasma membranes contain G., G,l and/or G12 and G,3, and Plasma membranes were prepared by the procedure of Arvan et al. (1983) , with slight modification. Briefly, the parotid glands were removed from fasted male Sprague-Dawley rats weighing 200-250 g. The glands were minced and homogenized using a loose-fitting glass-Teflon homogenizer, and a 250 g supernatant and pellet fractions were prepared as described previously (Iversen et al., 1985) . The supernatant was used to prepare the secretory granules, while the pellet, containing approx. 50 % of the plasma membrane marker (results not shown), was used to prepare the membrane fraction. The 250 g pellet was resuspended in Arvan's solution A (0.5 mM-MgCl2, 1 mM-NaHCO3, pH 7.4) and spun for 30 s at 70 g. The supernatant was saved and the pellet was rehomogenized and spun. This step was repeated once more and the pellets were discarded. The three supernatants were combined and diluted with solution B (0.5 mM-MgCl2, I mmNaHCO3, 0.7 mM-EDTA, pH 7.4). The supernatants were filtered through 4 layers of cheesecloth and centrifuged at 825 g for 15 min. The pellet was rehomogenized with three strokes in a glass-Teflon homogenizer, diluted, layered above 5 ml of 0.3 Msucrose in solution B and spun for 15 min at 825 g. The pellet was then resuspended in 1.38 M-sucrose in solution B, placed in centrifuge tubes, overlayed with 0.3 M-sucrose in solution B and centrifuged at 82500 g for 2 h. The plasma membrane sheets float to the 0.3-1.38 M interface, while other particulate material forms a pellet. The interface band was collected, supplemented with EDTA to give a final concentration of 1.2 mm, diluted to 0.35 M-sucrose with solution C (0.5 mM-MgCl2, 1 mM-NaHCO3, 1.7 mM-EDTA, pH 7) and dispersed with three strokes of a tightfitting homogenizer. The sample was then spun at 110000 g for 30 min. The plasma membranes were obtained in the pellet.
Light and heavy secretory granules were isolated as described previously by our laboratory (Iversen et al., 1985) . A 250 g supernatant of a homogenate of parotid glands was layered over 30% renografin and centrifuged at 64000g. The more mature granules (heavy fraction) were obtained in the pellet. The less mature granules (light fraction) remained suspended in the renografin. A pellet of light granules was obtained by diluting the renografin 1 :2 (v/v) with 0.3 M-sucrose homogenization medium and centrifuging. The purity of intact secretory granules was determined using the following cell composition marker enzymes: K+-dependent p-nitrophenyl phosphatase for plasma membranes (Arvan & Castle, 1982) ; UDP-galactosyltransferase for Golgi (Kim et al., 1971) ; monoamine oxidase for mitochondrial outer membranes (Edelstein et al., 1978) ; cytochrome c oxidase for mitochondrial inner membranes (Yonetani & Ray, 1965 ); glucose-6-phosphatase for endoplasmic reticulum (Swanson, 1950; Kallner, 1975) ; and ,-N-acetyl-D-glucosamidase for lysosomal contamination (Findlay et al., 1958) . Granules were lysed overnight and granule membranes were separated from contents as described by Robinovitch et al. (1980) . Granule membranes were washed twice with hypo-osmotic medium and then twice with iso-osmotic buffer as described by Robinovitch et al. (1980) to remove any residual granule content contamination.
Preparation of purified rough endoplasmic reticulum membranes Membranes were prepared as described by Bayerd6rffer et al. (1984) for rat pancreas.
Electron microscopy
The pellet of endoplasmic reticulum membranes was resuspended in mannitol buffer and placed in a Microfuge tube with an equal volume of chilled 50% glutaraldehyde in 0.1 Msodium cacodylate buffer (pH 7.4). After overnight fixation at 4 'C, the membranes were spun down at 16000 g for 30 min. The supernatant was drawn off and 1 % Bacto-Agar was carefully layered on to the pellet. The agar plug containing the membrane pellet was washed in sodium cacodylate buffer, post-fixed in 1 % osmium tetroxide in cacodylate buffer for 1 h at 4 'C, dehydrated in a graded series of alcohols, put through three changes of propylene oxide, and embedded in Medcast/Araldite 502. Thin sections were cut, stained with uranyl acetate and lead citrate, and viewed in a Philips 410 electron microscope.
ADP-ribosylation
ADP-ribosylation of membrane proteins by pertussis toxin and cholera toxin (A subunit) were performed as described by Gill & Woolkalis (1988) and Johnson et al. (1978) with modifications. Pertussis toxin was pre-activated by incubating equal volumes of pertussis toxin (0.1 ,tg/ml) in 20 mM-sodium phosphate buffer, pH 7.0, containing 100 mM-NaCl and 20 mMdithiothreitol for 30 min at 37°C. The reaction mixtures for both pertussis and cholera toxins contained, in a final volume of 100 ,1 and at pH 7.3, 50 mM-potassium phosphate, 20 mM-NaCl, 10 mM-thymidine and 10 mM-dithiothreitol. Additional reactants for ribosylation with pertussis toxin (2,ug) were 1 mM-ATP, 1992 442 G proteins in salivary gland 10 mM-EDTA and 0.1 o Triton X-100, and with cholera toxin (5 ,ug) were 0.1 mM-GTP, 20 mM-arginine and S mM-ADP-ribose.
The reaction was initiated by the addition of [32P]NAD+ (10 /tM, 55000-76000 c.p.m.). After a 60 min incubation at 37°C for pertussis toxin and at 30°C for cholera toxin, the reaction was stopped by diluting the samples with 1 ml of ice-cold 100 mmNaCl/10 mM-potassium phosphate buffer, pH 7.3.
ARF-dependent cholera toxin-catalysed ADP-ribosylation was assayed according to methods of Weiss et al. (1989) , with modifications. Purified recombinant ARF was pre-activated with GTP in the presence of Mg2+ (Bobak et al., 1990) . ARF was incubated at a final concentration of 0.1 mg/ml with 3 mm-DMPC, 0.2 % sodium cholate, 400 nM-GTP, 6 mM-MgCl2 and 1 mM-EDTA in a 10 mM-potassium phosphate buffer, pH 7.3, for 2 h at 30 'C. Additional reactants for ADP-ribosylation by cholera toxin (10 ,tg) with activated ARF (1 ,ug) included 1 mm-EDTA, 0.1 % sodium cholate, 3 mM-DMPC (suspended by sonication) and 20 mM-INH. The reaction was initiated by the addition of [32P]NAD' (10 mM; 96000 c.p.m.) and 0.9 mM-3-APAD, and was carried out as described above. NADase inhibitors (INH and 3-APAD) were included (Gill & Woolkalis, 1988) . The membranes containing ADP-riboyslated proteins were separated from non-reacted [32P]NAD' by centrifugation at 48 000 g for 30 min at 4 'C and solubilized in SDS (denaturing, reducing) sample buffer. Radiolabelled proteins were resolved by SDS/PAGE according to Laemmli (1970) , in 1.5 mm thick precast 10 % Tris-glycine mini-gels. Gels were run for 2.5 h at 4 'C at a constant 125 V. Low-molecular-mass standard proteins were run in parallel with samples. The gels were stained for 4 h in 0.1 % Coomassie Blue R-250, 500% methanol, 100% acetic acid and 40% glycerol, destained overnight in the above solution without dye, equilibrated in 50 % methanol/5 % glycerol solution for 30 min, and air-dried. Autoradiograms were developed after variable exposure of the dried gel to Kodak XAR 5 film with DuPont Cronex intensifying screens at -80 'C. The migration distance and area of 32P imaging oflabelled protein was quantified by scanning densitometry using a LKB 2222-010 Ultroscan XL laser spectrophotometric scanner with integrator and 2400
Gelscan XL software. The apparent molecular masses of substrates for each toxin were estimated by eye from a curve generated by plotting the migration distance of standard proteins transposed from gel to film against their molecular mass (Hames & Rickwood, 1981) .
Immunoblotting
Purified recombinant GQ proteins, membrane proteins and biotinylated low-molecular-mass standard proteins were separated electrophoretically as described above and transferred to 0.45 ,um-pore-size nitrocellulose blotting filters in 12 mmTris/96 mM-glycine buffer, pH 8.3, containing 200% methanol for 1 h with constant current of 275 mA at 4 'C. Transferred proteins were detected either by India ink staining of nitrocellulose filters (Hancock & Tsang, 1983) (Harlow & Lane, 1988 K+-dependent p-nitrophenol phosphatase, 16.9 nmol min-' mg-'; UDP-galactosyltransferase, 51.8 pmol min-' mg-'; monoamine oxidase, 213pmol min-' mg-'; cytochrome c oxidase, 0.0248 min-1 mg-' (first order rate constant); fl-N-acetyl-Dglucosaminidase, 16.4nmol min-' mg-1; glucose-6-phosphatase, 7.4 nmol of P. min-1* mg-1. Enzyme (Fig. 2) . No labelling was observed for either of the secretory granule membrane fractions under identical assay conditions. Even a 5-fold increase in the gel load of granule membrane protein failed to result in detectable cholera toxindependent ADP-ribosylation (Fig. 3) . Similarly, the use of NADase inhibitors had no effect, suggesting the absence of significant NAD+ hydrolase activity. In other experiments ARF, previously shown to activate cholera toxin-catalysed ADPribosylation ofpurified G.a (Kahn & Gilman, 1984) , was examined for its ability to enhance cholera toxin-catalysed ADP-ribosylation of secretory granule membranes. When activated ARF was added to a reaction mixture containing the light secretory granule membrane fraction, ADP-ribosylation of 44 kDa and 48 kDa proteins was detected (Fig. 3) . Although heavy secretory granules were not examined, similar results would be expected since immunoblot data with G. -specific antisera showed no apparent differences between the granule membranes (see Fig.   6a ). No Gi.11.2and Gi subunits in membranes of the rat parotid gland Plasma membranes (PM) and light (LT) and heavy (HY) secretory granule membranes (8 ,g of each), purified recombinant Ga proteins (G,,l/.2 and Gi13, lO ng of each) and standard molecular mass biotinylated proteins (BP) were separated by SDS/PAGE and transferred to nitrocellulose filters. The filters were incubated with (a) affinity-purified antiserum EC/54 (diluted 1:250) and crude antiserum EC/2 (diluted 1: 1000) (both anti-G.a3), (b) affinitypurified antiserum AS/1 15 (diluted 1:250) and crude antiserum AS/7 (diluted 1:1000) (both anti-G,,1/2). The immunoassay was carried out as described in the Materials and methods section. 4(b), affinity-purified anti-G1,x,.,2 serum AS/ 115 reacted strongly with Gi, and also weakly with G,.3 present in 2-fold excess. Affinity-purified anti-G,.3 serum EC/54 was strongly reactive to Gi.3 and also weakly reactive to both Gi, and G. proteins present in 2-fold excess. The cross-reactivity of crude antisera was the same as that observed with affinity-purified antisera (results not shown). Results are in agreement with those reported by Simonds et al. (1989) . None of the purified G. proteins (10 ng each) immunoreacted with normal rabbit serum (Fig. 4c) .
Membrane proteins transferred to nitrocellulose filters and representative of those analysed immunochemically were visualized by India ink staining (Fig. Sa) . Light and heavy granule membrane proteins appeared to differ both qualitatively and quantitatively, providing additional support for two populations of granules as reported previously (Iversen et al., 1985) . A peptide band of 53-55 kDa, which stained strongly with India ink in both granule membrane fractions, represented about 16 % of the total protein. This protein is likely to be amylase, since its relative mobility in SDS/PAGE approximates that of a 56.7 kDa protein reported to be amylase in rat parotid gland by Robinovitch & Sreebny (1972) .
Weak but discrete bands of immunoreactivity were seen in all membrane preparations for normal rabbit sera (Fig. Sb) . These bands were also seen in all membrane preparations for crude antisera, and in the plasma membrane fraction for affinitypurified antisera (Figs. 6 and 7) , suggesting that rabbit sera contained naturally occurring antibodies which are cross-reactive to membrane antigens. Background immunoreactivity was not observed with secondary antibody alone.
To identify G proteins in parotid membrane fractions, peptides immunoreactive to both affinity-purified and crude antisera were (a) Electron micrograph of purified rough endoplasmic reticulum vesicles from rat parotid gland. Rough endoplasmic reticulum vesicles were prepared as described previously (Bayerdorffer et al., 1984) . (b) Immunochemical detection of the G., subunit. Rough endoplasmic reticulum (ER), plasma membranes (PM), light secretory granule membranes (LT) (7.5 ,ug each), purified recombinant J (5 ng) and standard molecular mass biotinylated proteins (BP)
were separated by SDS/PAGE (120% gels) and transferred to nitrocellulose filters. The filters were incubated with affinity-purified antiserum diluted 1:1000, and the immunoassay was carried out as described in the Materials and methods section.
peptides electrophoresed in parallel. The apparent molecular masses of the peptides of purified a subunits of G. (Fig. 6a) resulted from the use of crude antiGsa sera.
Plasma membranes also expressed a 40 kDa peptide that reacted strongly to affinity-purified antisera generated against G00, Gi.3 and Gil/.2 (Figs. 6b, 7a and 7b) . Similar results were obtained with crude antisera, except that immunoreactivity to anti-Go. sera was weak. A peptide of 40 kDa was also present in both secretory granule membrane fractions which was barely detectable with both affinity-purified and crude anti-G., (Fig. 6b) , weakly reactive with anti-Gil/,2a and moderately reactive with anti-Gi.3 (Figs. 7a and 7b) . It was noted that crude and purified antisera generated against Go. (Fig. 6b ) also reacted with a 59 kDa peptide which was not reactive with normal rabbit sera. The nature of this peptide is presently unknown.
Because both light and heavy secretory granules contained a relatively high level of contamination by endoplasmic reticulum, further studies were conducted to establish whether the predominant substrate, GS, found in both granule fractions was due to the presence of endoplasmic reticulum in these fractions. This was of concern, as Audigier et al. (1988) and Nigam (1990) reported that G proteins are present in the rough endoplasmic reticulum. Purified endoplasmic reticulum membranes were prepared as described by Bayerd6rffer et al. (1984) and, as shown in Fig. 8(a) , consisted of vesicles that were primarily coated with ribosomes. Immunoblot analysis (Fig. 8b) of the endoplasmic reticulum fraction revealed that anti-G., sera immunoreacted with 43 kDa and 46 kDa peptides, but the reactivity was weak compared with that obtained with the secretory granule fractions.
DISCUSSION
Studies to identify G proteins in exocrine glands have, thus far, been few. In this paper, we have identified several G proteins in both a rat parotid plasma membrane-enriched fraction and secretory granule membranes (light and heavy) by toxin-catalysed (32P]ADP-ribosylation, and by immunoblot analysis. Our
[32P]ADP-ribosylation studies revealed a pertussis toxin substrate of approx. 41 kDa in rat plasma membranes, and in both light and heavy secretory granule membrane fractions. We were, however, unable to detect more than one peptide band in our membrane preparations, despite the fact that immunoblots revealed the presence of more than one pertussis toxin substrate. Failure to observe more than one pertussis toxin substrate in plasma membranes and granule membranes may be related to our experimental conditions, since we also failed to detect more than one substrate (41 kDa) in adrenal cortical membranes known to express several pertussis toxin substrates, i.e. G,, and Go.. Toutant et al. (1987) , however, were able to detect ADPribosylation of several proteins in chromaffin cell membranes when a ratio of bisacrylamide/acrylamide (0.13: 10) was used to obtain electrophoretic patterns instead of the standard Laemmli conditions utilized in our studies.
ADP-ribosylation of plasma membranes by cholera toxin revealed labelling of two peptide bands of 44 kDa and 48 kDa. Under experimental conditions which were successful for ADPribosylation of plasma membranes, i.e. the absence of added ARF and NADase inhibitors, we could not detect a cholera toxin substrate in secretory granule membranes. However, ADPribosylation of Gs. i.e. 44 kDa and 48 kDa peptides, in granule membranes was observed in the presence of ARF. The results would suggest either that secretory granule membranes contain no or insufficient amount of ARF to catalyse ADP-ribosylation by cholera toxin, or that if ARF is present on the secretory granule it is removed when granules are disrupted prior to preparing membranes. The immunoblot findings indicate that G.
protein is present in secretory granules (Fig. 6) .
Immunoblot analysis revealed clear differences in the dis- (Fig. 4b) .
The functional significance of the presence of G. subunits, and in particular G... in rat parotid secretory granules is also not clear. Rotrosen et al. (1988) (Goud et al., 1988) . The presence of G proteins in rat parotid secretory granules suggests that they may also play a role in exocytosis. Evidence has been obtained that anion-exchange pathways for Cl-exist in rat parotid secretory granules (Goddard et al., 1989) , and Cl-and K+ conductances have also been described in isolated secretory granules (DeLisle & Hopfer, 1986; Gasser et al., 1988) . Gasser et al. (1988) obtained evidence that granule membrane conductance is activated by pretreatment with secretagogues in vivo, and they postulated that the Clconductance present in secretory granule membranes is inserted into the luminal membrane during exocytosis. Thevenod et al. (1990) reported that GTP and guanosine 5'-[y-thio]triphosphate decreased Cl-conductance in both pancreatic and parotid secretory granules, and suggested that G proteins localized in the granule membrane could modulate gating of the Cl-transporter.
Thus our finding that G., and possibly G1, proteins are present in rat secretory granule membranes is consistent with the idea that the G proteins may regulate ion channels, but this hypothesis awaits further experimentation.
In summary, the data presented provide direct evidence of the identity of G proteins in rat parotid membranes. The data show that G8 Gi,l/.2 and Gi.3 are present in rat parotid plasma membranes, whereas the major G protein in the secretory granule membrane is G.. To our knowledge this is the first report demonstrating that cholera toxin substrates are present in secretory granule membranes. The finding that G proteins are present in secretory granule membranes suggests that they may be involved in the process of exocytosis.
